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FORCE REFLECTING HAPTIC INTERFACE 



Cross-Reference to Related Application 



This application claims priority to U.S. provisional patent application serial number 
60/093,300 filed on July 17, 1998, the disclosure of which is incorporated herein by reference in 



The present invention relates generally to a man/machine interface and, more specifically, 
to a force reflecting haptic interface. 



Force reflecting haptic interfaces and associated computer hardware and software are 
used in a variety of systems to provide tactile sensory feedback to a user in addition to 



§'j conventional visual feedback, thereby affording an enhanced man/machine interface. These 
f ' systems are becoming more prevalent in such diverse areas as surgical technique training, 
Mi industrial design and modeling, and personal entertaiimient. 



Pat. No. 5,587,937 issued to Massie et al., the disclosure of which is herein incorporated by 
. j J reference. Briefly, the disclosed haptic interface defines a user reference point located, for 

example, proximate or within a volume of a user connection element such as a finger thimble or 
20 stylus configured to be doimed or grasped by a user. Disposed between the user connection 
element and a spatial or reference ground are a series of mechanical transmission elements such 
as gimbals, linkages, and frames configured to permit substantially unrestricted movement of the 
connection element within a predetermined work volume of the haptic interface when in an 
unpowered state. 

25 Based on the configuration and orientation of the transmission elements, muhiple 

independent degrees of freedom may be provided. Depending on the particular application for 
the interface, each degree of freedom may be either powered and/or tracked, or free, being 
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Background 



An example of a haptic interface for use in a desktop environment is disclosed in U.S. 
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neither powered nor tracked. For example, a degree of freedom may be powered by a motor or 
other actuator so that, under appropriate conditions, the interface can resist, balance, or overcome 
a user input force along that degree of freedom. The powered axis may be active, with force 
being varied as a function of system conditions, or passive, such as when a constant resistance or 
drag force is applied. Alternatively or additionally, a degree of freedom can be tracked using an 
encoder, potentiometer, or other measurement device so that, in combination with other tracked 
degrees of freedom, the spatial location of the reference point within the work volume can be 
determined relative to ground. Lastly, a degree of freedom may be free, such that a user is free to 
move along the degree of freedom substantially without restriction and without tracking within 
the limits of the range of motion. The interface, in combination with appropriate computer 
hardware and software, can be used to provide haptic feedback in a virtual reality environment or 
link a user to an actual manipulator located, for example, in a remote or hazardous environment. 

Significant challenges exist in designing a force reflecting haptic interface with 
appropriate operational and response characteristics. For example, it is desirable that the haptic 
interface have low friction and weight balance such that a user's movements will not be unduly 
resisted and the user will not become fatigued merely by moving the connection element within 
the work volume. It is also desirable that the haptic interface have a high degree of resolution 
and be highly responsive so as to replicate, as closely as possible, an actual haptic experience. 
Reliability, compact size, low cost, and simplicity of design for. ease of manufacture and repair 
also are beneficial attributes from the standpoint of commercial acceptance and appeal. 



In one embodiment, a six degree of freedom force reflecting haptic interface includes a 
housing defining a reference ground and six structural elements connected by six joints or 
articulations. A first powered tracked rotary element is supported by the housing to define a first 
articulation with an axis having a substantially vertical orientation. A second powered tracked 
rotary element is mounted thereon to define a second articulation with an axis having a 
substantially perpendicular orientation relative to the first axis. A third powered tracked rotary 
element is mounted on a generally outwardly radially disposed extension of the second element 
to define a third articulation having an axis which is substantially parallel to the second axis. A 
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fourth free rotary element is mounted on a generally outwardly radially disposed extension of the 
third element to define a fourth articulation having an axis which is substantially perpendicular to 
the third axis. A fifth free rotary element is mounted on a generally outwardly radially disposed 
extension of the fourth element to define a fifth articulation having an axis which is substantially 
5 perpendicular to the fourth axis. Lastly, a sixth free rotary user connection element in the form 
of a stylus configured to be grasped by a user is mounted on a generally outwardly radially 
disposed extension of the fifth element to define a sixth articulation having an axis which is 
substantially perpendicular to the fifth axis. 

Three actuators and cable drives are utilized in the interface to power the first, second, 
10 and third rotary axes. Each of the cable drives includes at least one automatic cable tensioning 
device for preventing backlash and a grounded or ungrounded actuator capstan to prevent 
slippage of each cable relative to its respective actuator capstan. Cable drives on the first and 
^;;f second axes include cables manufactured from a braided tungsten or polymer composition 
|l| including a fiised blend of high modulus polyethylene fibers and liquid crystal aromatic 

J.! \ 

ftf polyester-polyarylate fibers which exhibit low creep, high strength, and long life. The third axis 

f drive includes a braided tungsten or polymer composition cable to drive a transfer element and 
first and second metal cables driven by the transfer element to power the third axis. Each metal 

fj cable has a centrally disposed aluminum or stainless steel rod, or other suitably rigid member, 
P and looped stranded stainless steel or braided tungsten cable ends. In combination, the 

SI components of the third axis drive provide high stiffness and prevent backlash in a remotely 

Uj actuated, cantilevered drive. 

The actuator for the third articulation is disposed remotely, proximate the actuator for the 
second articulation in the hub thereof, to minimize the size and the weight of the third 
articulation. Accordingly, the second articulation hub is configured with two hubs nested on a 
25 common axis, namely the second axis. 

In one embodiment, the three powered axes are also the three tracked axes of the haptic 
interface. In order to minimize the structural envelope of the haptic interface and maintain high 
resolution, an optical encoder is mounted on each of the three actuators proximate each capstan. 
Alternatively, actuators with integral encoders could be employed. 
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The haptic interface may also include automatic work volume calibration components for 
use in combination with computer software such that the haptic system, as a whole, has the 
capability to initialize position of the haptic interface and geometrically center the user reference 
point in both the workspace volume and virtual or remote environment. 

Several other features may be provided in the haptic interface to enhance user safety and 
comfort. For example, a presence switch may be provided in the user cormection element to 
indicate when the stylus is being grasped by a user. Alternatively or additionally, velocity limits 
may be provided for each of the powered axes to limit the speed of the axes. Lastly, a wrist rest 
or other structure may be provided to support a user's wrist and/or arm at a predetermined or 
adjustable height and orientation to address ergonomic concems with prolonged or extended use 
of the haptic interface. 



The invention, in accordance with preferred and exemplary embodiments, together with 
further advantages thereof, is more particularly described in the following detailed description 
taken in conjunction with the accompanying drawings in which: 

FIG. 1 is a schematic perspective view of a force reflecting haptic interface in accordance 
with one embodiment of the present invention; 

FIG. 2A is a schematic view of an automatic cable tensioning device usefiil in the haptic 
interface in accordance with one embodiment of the present invention; 

FIG. 2B is a schematic plan view of the automatic cable tensioning device employed to 
drive the first articulation of the haptic interface in accordance with one embodiment of the 
present invention; 

FIG. 2C is a schematic plan view of the automatic cable tensioning device employed to 
drive the second articulation of the haptic interface in accordance with one embodiment of the 
present invention; 

FIG. 2D is a schematic plan view of a first automatic cable tensioning device employed to 
drive a transfer drive element of the third articulation of the haptic interface in accordance with 
one embodiment of the present invention; 
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FIG. 2E is a schematic plan view of a second automatic cable tensioning device 
employed on a reverse side of the transfer drive element of the first automatic cable tensioning 
device depicted in FIG. 2D to drive the third articulation of the haptic interface; 

FIG. 3A is a schematic cross-sectional view of a grounded actuator capstan for use in the 
cable drives of the haptic interface in accordance with an embodiment of the present invention; 

FIG. 3B is a schematic side view of the grounded actuator capstan depicted in FIG. 3 A; 

FIG. 4A is a schematic perspective view of a transfer drive for powering the third 
articulation of the haptic interface in accordance with one embodiment of the present invention; 

FIG. 4B is a schematic enlarged perspective view of a portion of the transfer drive 
depicted in FIG. 4A; 

FIG. 5 is a schematic side view of an actuator with an encoder disposed proximate the 
cable drive capstan for use in the haptic interface in accordance with an embodiment of the 
present invention; 

FIG. 5 A is an enlarged schematic view of a portion of the cable drive capstan depicted in 
Fig. 5 for use in the haptic interface in accordance with an embodiment of the present invention; 

FIG. 6 is a schematic cross-sectional view of a presence switch integrated into the user 
connection stylus element of the haptic interface in accordance with an embodiment of the 
present invention; 

FIG. 7 is a schematic of a portion of the circuit board disposed in the stylus depicted in 
FIG. 6, including the presence switch circuitry; 

FIG. 8A is a schematic side view of an ergonomic representation of a user employing the 
haptic interface in combination with a wrist rest in a desktop environment; 

FIG. 8B is a schematic top view of the ergonomic representation depicted in FIG. 8A; 

and 

FIGS. 9A-9D are schematic top, side, end section, and partial section views of a wrist rest 
for use in combination with the haptic interface in accordance with an embodiment of the present 
invention. 
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Detailed Description 

FIG. 1 is a schematic perspective view of a six degree of freedom force reflecting haptic 
interface 10 in accordance with one embodiment of the present invention. The interface 10 
includes a housing 12 defining a reference ground, six joints or articulations, and six structural 
5 elements. A first powered tracked rotary element 14 is supported by the housing 12 to define a 
first articulation 16 with an axis "A" having a substantially vertical orientation. A second 
powered tracked rotary element 18 is mounted thereon to define a second articulation 20 with an 
axis "B" having a substantially perpendicular orientation relative to the first axis, A. A third 
powered tracked rotary element 22 is mounted on a generally outwardly radially disposed 

10 extension 24 of the second element 1 8 to define a third articulation 26 having an axis "C" which 
is substantially parallel to the second axis, B. A fourth free rotary element 28 is mounted on a 
generally outwardly radially disposed extension 30 of the third element 22 to define a fourth 

■'ilj articulation 32 having an axis "D" which is substantially perpendicular to the third axis, C. A 
fifth free rotary element 34 is mounted on a generally outwardly radially disposed extension 36 

0$ of the fourth element 28 to define a fifth articulation 38 having an axis "E" which is substantially 

L, perpendicular to the fourth axis, D. Lastly, a sixth free rotary user connection element 40 in the 
form of a stylus configured to be grasped by a user is mounted on a generally outwardly radially 

» 

C:;l disposed extension 42 of the fifth element 34 to define a sixth articulation 44 having an axis "F" 

%l 

1,1 which is substantially perpendicular to the fifth axis, E. 

Ut 

q§ Instead of using mechanical linkages, gears, or other force transmission components, the 

^ ■^ interface 10 employs three dedicated actuators fitted with capstans and corresponding cables to 
power rotary axes A-C. Cable drives provide good force transmission characteristics with low 
weight; however, backlash can be a problem, especially in high precision, high resolution haptic 
interfaces. Backlash or play in a rotary mechanical transmission, such as those employed in the 
25 interface 10, is most evident when direction of rotation is reversed. One method of reducing 
backlash is to provide a manual adjustment feature to adjust the position of one or both of the 
cable ends relative to ground so that slack in the cable can be reduced. Further, the cable can be 
preloaded in tension so that there is minimal slippage between the cable and the actuator capstan 
as the capstan rotates. However, as the cable stretches and the components of the mechanism 
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wear over time, cable tension is reduced and must be periodically adjusted to prevent slippage. 
Additionally, cable tension is difficult to measure and excessive tensioning can lead to 
deformation of the structural elements and accelerated, premature wear in the articulation 
bearings. 

5 FIG. 2A is a schematic view of an automatic cable tensioning device 46 which overcomes 

many of the limitations of known cable drives and is useful in the powered axes of the haptic 
interface 10 in accordance with one embodiment of the present invention. The tensioning device 
46 automatically loads the cable to a predetermined tension and maintains that level of tension 
over time, even in the event of cable stretching and component wear. The tensioning device 46 

10 includes a cable 48 fixed at proximal and distal ends directly or indirectly to a ground surface, 
shown generally at 50a, 50b. A non-rotating clutch post 52, also fixed to ground, is located 
along the cable path. A spring 54 is disposed along the cable path between the clutch post 52 and 
ground 50b. Lastly, an actuator capstan 56 is provided along the cable path between the clutch 
post 52 and ground 50a on the side opposite the spring 54. As depicted in FIG 2A, the cable 48 

'Utf extends from ground 50a, circumscribes both the actuator capstan 56 and the clutch post 52 at 
least once each, and is cormected to the spring 54, which is in tension and connected to ground 
50b. 

t A non-rotating post, such as clutch post 52, may be used to amplify or multiply an 

"•J 

applied cable tension to resist or offset tension applied to the cable downstream of the post. As is 
2| known by those skilled in the art, the amplification factor is a function of post diameter, wrap 
angle of the cable around the post, and the coefficient of friction between the cable and the post. 
Accordingly, for a given spring tension, as wrap angle and/or friction increases, a larger 
downstream cable forces can be offset or resisted. 

In a static state, the tension induced in the cable 48 by the spring 54 causes the cable to be 
25 pulled to the right, eliminating any slack or looseness in the cable 48, cable tension being a 

function of the spring constant, k, and the linear displacement, x, of the spring ends from a rest 
state. In operation, as the actuator capstan 56 rotates in a clockwise direction, as depicted, 
tension is applied to the portion of the cable 48 between the capstan 56 and ground 50a and the 
capstan 56 moves to the left relative to ground 50a. Any looseness or slack in the cable to the 
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right of the capstan 56 is automatically taken up by the spring 54, the cable 48 sliding around the 
clutch post 52 whenever the spring force overcomes the frictional drag of the cable 48 around the 
clutch post 52. 

Alternatively, when the capstan 56 rotates in a counter-clockwise direction, the capstan 
56 applies tension to the cable portion between the capstan 56 and the clutch post 52. As long as 
the spring tension enhanced by the clutch post effect exceeds the tension induced by the capstan 
56, the cable 48 will be effectively locked 48 to the clutch post 52 and will not slip around the 
post 52. The spring 46 will be effectively isolated from the capstan loading. Accordingly, the 
tensioning device 46 automatically self-adjusts and maintains cable tension at a predetermined 
magnitude, taking up any slack when the capstan 56 rotates in a first direction and locking when 
the capstan 56 rotates in a second direction. 

FIGS. 2B-2E depict several applications of the principles of the tensioning device 46 in 
the powered axes of the haptic interface 10. For example, FIG. 2B is a schematic plan view of an 
automatic cable tensioning device 146 employed in the first articulation 16 of the haptic interface 
10. Depicted is a generally circular hub portion of the first element 14. A cable 148 is fixed to 
the element 14 at a first ground location 150a and circumscribes the element 14 in a clockwise 
direction. The cable 148 wraps an actuator capstan 156 disposed substantially tangentially to the 
circumference before wrapping several times around a clutch post 152. Thereafter, the cable is 
attached to a spring 154 in tension which is grounded to the element 14 at 150b. Since the 
actuator (not depicted) is fixed in the housing 12 of the interface 10, as the actuator rotates the 
capstan 156, the first element 14 is caused to rotate about first axis A. As may be readily seen, 
tabs, slots, and other guide features are provided in the element 14 to facilitate routing and 
retention of the cable 148 in the proper location and orientation throughout the range of motion 
of the element 14. 

FIG. 2C is a schematic plan view of an automatic cable tensioning device 246 employed 
in the second articulation 20 of the haptic interface 10. Depicted is a generally circular hub 
portion of the second element 1 8. A cable 248 is fixed to the element 1 8 at a first ground 
location 250a and circumscribes the element 18 in a counterclockwise direction. The cable 248 
wraps an actuator capstan 256 disposed substantially tangentially to the circumference before 
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wrapping several times around a clutch post 252. Thereafter, the cable is attached to a spring 254 
in tension which is grounded to the element 18 at 250b. Since the actuator (not depicted) is fixed 
to the first element 14, as the actuator rotates the capstan 256, the second element 18 is caused to 
rotate about the second axis B. 

FIG. 2D is a schematic plan view of a first automatic cable tensioning device 346 
employed to drive a transfer drive element 58 of the third articulation 26 of the haptic interface 
10. Referring first to FIGS. 1 and 4A-4B, the cable drive transmission for the third articulation 
26 spans a distance from the hub of the second element 18, along the extension 24 thereof, to a 
hub of the third element 22. As mentioned hereinabove, the actuator for the third articulation 26 
is disposed remotely, proximate the actuator for the second articulation 20 in the hub thereof, to 
minimize the size and the weight of the cantilevered third articulation 26. Accordingly, the 
second articulation hub is configured with two rotatable components nested on a common axis, 
namely the second axis, B, as will be discussed in greater detail hereinbelow. 

Referring once again to FIG. 2D, the transfer drive element 58 is joumaled for rotation 
about the second axis B. A cable 348 is fixed to the element 58 at a ground location 350 and 
circumscribes the element 58 in a clockwise direction. The cable 348 wraps an actuator capstan 
356 disposed substantially tangentially to the circumference before wrapping several times 
around a clutch post 352. Thereafter, the cable is attached to a spring 354 in tension which is 
grounded to the element 58 at 250. Since the actuator (not depicted) is fixed to the first element 
14, as the actuator rotates the capstan 356, the transfer drive element 58 is caused to rotate about 
second axis B. 

A reverse side of the transfer drive element 58 is depicted in FIG. 2E and employs a 
second automatic cable tensioning device 446 for transferring the rotation of the drive element 
located in the hub of the second element 1 8 to the third articulation 26. A first rigid transfer 
drive rod 60 grounded to the third element 22 is crimped or otherwise attached to a tungsten or 
stainless steel cable 448 proximate the drive element 58. The cable 448 circumscribes a central 
hub of the drive element 58 in a clockwise direction. The cable 448 wraps several times around a 
clutch post 452 before being attached to a spring 454 in tension which is groxmded to the element 
58 at 450. As the actuator rotates the transfer drive element 58 about axis B, as discussed with 
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respect to FIG. 2D hereinabove, the rotational motion of the drive element 58 is transformed into 
linear motion of the transfer drive rod 60. A second transfer drive rod grounded between the 
transfer drive element 58 and the third element 22 completes the third axis drive, as will be 
discussed in greater detail hereinbelow. 

Instead of simply wrapping a cable around an actuator capstan one or more times and 
providing tension to the cable to reduce the likelihood of slippage, the cable may be positively 
grounded to the capstan to ensure there is no slippage relative thereto. FIG. 3 A is a schematic 
cross-sectional view of a grounded actuator capstan 456 for use in the cable drives of the haptic 
interface 10 in accordance with an embodiment of the present invention. The grounded capstan 
456 may be used with conventional cable drives or advantageously with the automatic cable 
tensioning device 46. 

The generally cylindrical capstan 456 forms a centrally disposed bore 62 sized to receive 
an actuator shaft 64. The capstan 456 may be secured to the shaft 64 by bonding, mechanical 
fastening, or any other suitable method. A keyway, spline, or other anti-rotation feature may also 
be provided, if desired. A generally centrally radially disposed aperture 66 is provided in the 
capstan 456, the aperture 66 sized to permit passage therethrough of a double portion of a drive 
cable 558. The shaft may be D-shaped or have a flat or groove formed therein as shown 
generally at 68. 

At assembly, two lengths of cable 558 are passed through the aperture 66 in the capstan 
456 and knotted together as shown generally at 70. Used herein, knotting refers to the process of 
forming a bulge in a length of cable. This may be achieved by tying the two lengths together or 
by using a device which crimps the two lengths together in a bead. In the former method, the 
knot is formed by the cables themselves and in the latter case, the knot is effectively the bead 
which holds the two cables together. Alternatively, a single length of cable can be doubled over, 
passed through the aperture 66, and knotted. In either case, the knotting 70 is provided to 
prevent the cable 558 from being pulled back through the aperture 66. An adhesive may be 
applied to the knotting 70 to prevent unraveling, if desired. As the capstan 456 is being mounted 
on the actuator shaft 64, the aperture 66 is aligned with the shaft flat 68, generally as depicted, to 
positively capture the knotted portion 70 without severing the cable 558. Thereafter, the 
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individual free ends of the cable may be wrapped in opposite directions around the capstan 456, 
as depicted in FIG. 3B, and routed as desired. For example, one free end may be attached to 
ground and the other wrapped around a clutch post before being attached to a spring which is in 
turn attached to ground. 

While the capstan 456 may be a uniform cylinder, in one embodiment, the capstan 456 
includes a helical channel 72 formed along an exterior surface thereof The cable aperture 66 is 
aligned with a valley of the channel 72 so that both portions of the cable 558 exiting the aperture 
66 can be smoothly wrapped around the capstan 456. The opening of the aperture 66 may 
include a generous radius to blend the aperture 66 with the helical channel 72 without sharp 
edges which could cut through the cable 558 or otherwise reduce the life thereof The helical 
channel 72 nests and routes the cable 558, preventing overlapping or tangling of the cable 558 on 
the capstan 456. 

An enlarged portion of a capstan 456 with a helical channel 72 is depicted in Fig. 5A. 
The capstan 456 has a trough diameter T^ and a crest diameter measured from a centerline of 
the capstan 456, and a trough radius Tr. In one embodiment; T^ equals 0.175 inches, Co equals 
0.189 inches, and Tr equals 0.010 inches; however, T^, Cp, and Tr may be sized, as necessary, 
depending on the geometry of the cable. The helical channel 72 shown is a right hand thread 
with a 0.0227 pitch (i.e., 44 threads per inch); however, the capstan 456 may have a left hand 
thread and the thread pitch may be varied as necessary. The radial height of the channel 72 
between the trough to the crest (i.e., C^-T^) is about equal to the radius of the cable 558, and the 
trough radial contour 162 is up to about 50 percent greater than the radius of the cable 558. 

In one embodiment of a capstan, such as that shown in Fig 5A, the helical channel 72 has 
a uniform radius (TJ for nesting and routing the cable 558. The channel 72 could be V-shaped; 
however, the U-shape of a channel 72 with a uniform radius is believed to support the cable 
better and enhance usefiil cable life. The centerline 158 of the cable 558 should be 
approximately aligned with the crest 160 of the channel 72. The crest to crest distance (X) 
should be greater than the cable 558 diameter (Y) by up to about 50 percent. For example, a 
channel 72 with a trough radius of 0.010 inches nesting a cable with a diameter (Y) of 0.014 
inches yields an X dimension 42 percent greater than the cable diameter (Y). Accordingly, at 
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increased loads, the cable may deform slightly and increase surface contact between the cable 
and the channel. The increased surface contact may obviate the need for a grounded capstan, in 
which case, the aperture 66 would not be required. In conventional capstans and sheaves, trough 
radius is no more than about 5% to 10% greater than the radius of the cable. 

5 Instead of providing a flat 68 on the actuator shaft 64, a groove may be formed in the 

capstan bore 62. Also, instead of capturing the knot 70 inside the bore 62, a window or other 
cutout may be provided in the capstan 456 longitudinally spaced from the aperture 66 to provide 
space for the knot. 

In order to reduce the cost and size of a cable drive in the haptic interface 10 while 
10 maintaining the desired force reflecting characteristics, it is desirable to use relatively small 
actuators and capstans to generate the desired torques and forces. Cables which undergo 
repeated and severe bending around small diameter capstans or clutch posts, however, must have 

U;J a high degree of flexibility to prevent premature fraying, breakage, and failure due to fatigue, 

I ' I 

(fl picking, or other failure mechanisms. For example, conventional steel cables typically require a 
capstan diameter to cable diameter ratio of about 15 to 50 or more, depending on the diameter of 

I =i the individual steel fibers used to manufacture the cable and the construction of the cable. While 
cable tension can be increased to prevent slippage when using insufficiently flexible cables with 
J smaller than recommended capstan diameters, such actions tend merely to accelerate degradation 
and failure of the cable. 

M In additional to flexibility, parameters such as yield strength, elastic modulus, and creep 

characteristics are important in selecting a cable for use in a haptic interface 10. Creep, as 
opposed to elastic stretching, is the relatively slow, permanent plastic deformation of the cable 
which results from continued exposure to elevated levels of stress. For many materials, creep is 
exacerbated at increased temperatures. A cable with poor creep strength characteristics will 

25 permanently stretch and loosen over time, absent manual or automatic tension compensation. 

The polymer composition cables which can be used in the first and second axis drives and 
a portion of the third axis transfer drive may be a fused blend of a high modulus polyethylene 
(HMPE) material and a liquid crystal aromatic polyester-polyarylate (LCAP) material which, in 
combination, has been shown to exhibit low creep, high strength, and long life. 
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Commercially available gel spun HMPE material in filament, fiber, and yam forms, such 
as that manufactured by DSM, N.V. located in the Netherlands and sold under the marks 
Dyneema™ or Fireline"^^, has a high elastic modulus, but is relatively inflexible and exhibits 
excessive creep. Accordingly, performance of a cable manufactured solely from this material is 
compromised when subjected to bending around small diameters or loading over time. 

Altematively, commercially available LCAP material in similar forms, such as that 
manufactured by Hoechst Celanese, a division of Hoechst AG located in the Netherlands, and 
sold under the mark Vectran*^^, exhibits low creep, but is relatively brittle and prematurely frays 
after repeated cycling, making a cable manufactured solely fi-om this material generally 
unsuitable for use in the cable drives discussed hereinabove. 

A polymer composition cable suitable for use in the haptic interface cable drives can be 
manufactured by twisting or braiding together filaments, fibers, or yams of HMPE and LCAP 
and subjecting the composite cable to an elevated temperature in the range of the respective 
melting points of the two materials for a period of time to at least partially fuse the two materials 
together. The heated composite cable may also be drawn under tension while at the elevated 
temperature to more intimately consolidate the two component materials and improve the 
mechanical properties of the cable once cooled. An example of a suitable manufacturing 
process is disclosed in U.S. Pat. No. 5,540,990 issued to Cook et al., the disclosure of which is- 
herein incorporated by reference. 

In one embodiment the polymer composite cable may have a composition of between 
about 20 percent to about 80 percent HMPE, balance LCAP. In a preferred embodiment, the 
polymer composite cable may have a composition of between about 30 percent to 70 percent 
HMPE, balance LCAP. In a more preferred embodiment, the polymer composite cable may have 
a composition between about 40 percent to 60 percent HMPE, balance LCAP. The 
aforementioned compositions relate solely to the relative amounts of HMPE and LCAP. Other 
constituents such as coloring agents, fillers, and coatings may be employed to color the resultant 
cable, provide magnetic or electrical properties, increase wear life, improve performance at 
elevated temperatures, or enhance ftasing during manufacture of the cable. 
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In one embodiment, the clutch posts 152, 252, and 352 adapted to be used with the 
polymer composition cable are made of 6061 T-6 aluminum and have an outer diameter of about 
3/16 inches. The aluminum posts are tubular, being permanently bonded to posts molded in the 
respective elements manufactured, for example, from carbon filled polycarbonate. The clutch 
5 post 452 wrapped by the stranded stainless steel cable is larger, having an outer diameter of 
about 0.22 inches due to differences in flexibility of the cable and coefficient of friction between 
the cable and the clutch post 452 relative to the polymer cable drives. 

Cable tension in each drive is on the order of about 10 pounds force. The polymer 
composition cable has a nominal diameter of about 0.014 inches with a breaking strength of 

10 between about 20 and 30 pounds force, although other sizes with different strengths can be used 
depending on the application. The cables may be v^apped around respective clutch posts 
typically between about 1.5 to 4 times. Automatic tensioning spring forces are on the order of 
about 1 to 4 pounds force. As discussed hereinabove, the number of wraps and spring force can 
be selected as desired, depending on the anticipated maximum cable tension to be encountered 

|5 during operation of the actuator, the diameter of the clutch post, and the coefficient of friction 
L i, between the cable and the clutch post, in accordance with conventionally knovra mathematical 
"'•^ relationships. Additionally, other materials may be used for the clutch posts. In one 
G embodiment, the tubular aluminum posts may be eliminated altogether, the molded post in the 

11 element being used as the clutch post at the same or a different diameter. The hardness and 
surface finish of the clutch post may also affect performance of the automatic tensioning device 

^iil due to wear and resultant changes in the effective coefficient of friction. 

As stated above, in order to reduce the cost and size of a cable drive in the haptic 
interface 10, while maintaining the desired force reflecting characteristics, it is desirable to use 
relatively small actuators and capstans to generate the desired torques and forces. By increasing 
25 the reduction ratio of a cable drive transmission, the same moment can be provided at an 
articulation and the same amount of force can be provided at a radially outwardly disposed 
extension therefrom with less power. Accordingly, cost and design complexity can generally be 
reduced. 
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For example, in the case of a single stage cable drive transmission, selected for relatively 
high efficiency at low cost, where the drive pulley or capstan is bounded by the envelope of the 
articulation, the radius of the capstan is a fundamental limit on the reduction ratio of the 
transmission. Accordingly, the smaller the capstan, the more efficient and less costly the cable 
drive transmission. 

As stated hereinabove, conventional metal cables, such as stainless steel cables, fail 
rapidly at capstan diameter to cable diameter ratios of about 15 or lower. It has been determined, 
however, that a cable manufactured from tungsten exhibits unexpectedly good drive and life 
characteristics in this lower ratio range. 

According to one embodiment of the invention, the tungsten cable has a nominal braided 
diameter of 0.015 inches, swaged to a final diameter of about 0.014 inches. Cable construction is 
8x19 class, utilizing a 7 x 7 core wrapped by eight 1x19 filament strands. As knovra by those 
skilled in the art, cable or wire rope, as it is sometimes known, is designated by two figures, the 
first indicating the number of strands and the second, the number of wires or filaments per strand. 
In this embodiment, each filament is nominal 0.0008 inch diameter tungsten material, such as 
that used in the manufacture of light bulb filaments. This is a much 'smaller nominal diameter 
than that of stainless steel filaments which can usually only be drawn as fine as about 0.003 
inches in diameter. 

This particular tungsten cable has a nominal breaking strength of about 37 pounds; 
however, higher breaking strengths have been measured, depending on how the load is applied to 
the cable. For example, a breaking strength of about 42.5 pounds has been measured by 
grabbing the cable, and a breaking strength of about 47 pounds measured using a capstan. The 
cable is available from Alan Baird Industries, located in Hohokus, NJ as manufacturer's part 
number ALA8908LD1. 

Because the tungsten cable can be manufactured from very small diameter filaments, the 
cable can be quite flexible so as to tightly wrap small diameter capstans. Capstans used with a 
tungsten cable may have a minimum diameter less than 0.25 inches at the base of the groove. In 
one example, the capstan diameter is 0.175 inches at the base of the groove. The above 
referenced 0.014 inch cable used with a 0.175 inch capstan yields a 12.5:1 ratio. Accordingly, 
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whereas a stainless steel cable shows signs of fraying and wear after some 750,000 cycles, a 
tungsten cable of the same nominal diameter subjected to the same loading and test conditions 
exhibits no visible signs of wear after 5,500,000 cycles. Lubrication applied to a cable will 
decrease fi-aying and wear of the cable. In one embodiment using tungsten cable, lubrication is 
not absolutely required, as the tungsten cable contains residual carbon resulting from 
hydrocarbon lubricant burned during the swaging process. 

The tungsten cable can also offer certain advantages over the polymer composition cable 
discussed hereinabove. For example, the tungsten cable has a nominal breaking strength of 37 
pounds, over twice the 17 pound breaking strength of the polymer cable. Further, the cable is 
relatively stiff in the longitudinal direction. Accordingly, there is near zero hysteresis during use, 
due in part to the swaging process which imparts a residual stress in the cable. The tungsten 
cable also is contemplated to exhibit negligible creep over the usefiil life of the cable, based on 
observations during the aforementioned cyclic testing. 

The tungsten cable also grips clutch posts and capstans securely, due to the surface 
characteristics of the cable. Accordingly, the cable may be used with or without the grounded 
capstans discussed hereinabove with respect to FIGS. 3A and 3B, as well as with or without 
metal sleeves on the clutch posts. Also, the cables can be manufactured to accurate lengths, for 
example within a tolerance of about plus or minus 0.03 inches for a 15 inch cable, for example, 
by crimping the ends to form loops for attachment to the transmission elements. The tungsten 
cable is also quite stable at elevated temperatures of 200^F or higher, which can occur in haptic 
interfaces. 

Accordingly, a tungsten cable can be used advantageously in a haptic interface 
transmission drive to achieve the benefits of each of standard stainless steel cables and the above 
described polymer composition cables, without the inherent shortcomings of each. One 
embodiment uses tungsten cables in the first and second axis drives and a portion of the third 
axis transfer drive. 

Referring now to FIG. 4A, depicted is a schematic perspective view of the transfer drive, 
shown generally at 74, for powering the third articulation 26 of the haptic interface 10 in 
accordance with one embodiment of the present invention. FIG. 4B is a schematic perspective 
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view of the actuator end of the transfer drive 74 depicted in FIG. 4A. Several covers of the 
haptic interface elements have been removed to expose the components. 

Mounted on the first element 14 are second axis actuator 76 and third axis actuator 78. 
The first axis actuator is disposed in the housing 12 and cannot be seen in this view^; hov^ever, the 

5 capstan 156 thereof is partially visible. As the capstan of the third axis actuator 78 rotates, the 
transfer drive element 58 rotates about second axis B, converting rotary motion to linear motion 
of first and second transfer drive rods 60, 80 disposed along the radial extension 24 of the second 
element 18. As best seen in FIG. 4A5 the drive rods 60, 80 terminate in looped braided tungsten 
or stranded stainless steel cable ends w^hich are hooked onto a raised ground tab of the third 

10 element 22. 

Accordingly, the second transfer drive rod 80 is directly grounded through looped cable 
ends to each of the drive element 58 and the third element 22; whereas, the first drive rod 60 is 

f'l 

uj directly grounded through a looped cable end to the third element 22 and indirectly grounded to 
m the drive element 58 through the clutch post 452 and spring 454 depicted in FIG. 2E. The drive 
15 rods 60, 80 minimize cable lengths and therefore enhance the stiffness and rigidity of the transfer 
h= drive 74. The cables are used solely at the grounding points, with one cable end of the first drive 
3 rod 60 being routed through the automatic cable tensioning device 446 depicted in FIG. 2E to 
H substantially eliminate backlash in the third axis drive. The tension achieved with the automatic 
cable tensioning device also provides added stiffiiess and rigidity in the drive system. 



second element 18 commonly on the second axis B, a significant portion of the mass and weight 
of the third axis cable drive is supported directly by the first element 14, instead of being 
cantilevered out at the end of the extension 24 of the second element. As a result, the imbalance 
of the second element 1 8 due to the radial extension 24, as well as the weight of the third element 
25 22, fourth element 28, fifth element 34, and stylus 40, can be readily counterbalanced using a 
circumferentially loaded spring 82 disposed concentrically with the second axis B. A 
counterweight 164, rigidly attached to member 18 can be used to assist the spring 82 in 
counterbalancing those elements which rotate about the second axis B. A counterweight 166, 
rigidly attached to transfer drive element 58 moves with element 58 in a maimer that 



Referring again to FIG. 4B, it can be seen that by nesting the transfer drive 58 and the 
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counterbalances the motion of remotely located members such as the third element 22, fourth 
element 28, fifth element 34, and stylus 40 as they move about axis C. 

Further, FIG. 4B depicts the substantial structural ribbing of the interior portion of the 
second element 18, especially the extension 24 thereof. The haptic interface 10 is designed such 
5 than the elements themselves provide the structural integrity or skeleton of the interface 10, 
rather that having mechanical frames and the like merely encased in cosmetic covers. 
Accordingly, the skeleton of the interface may be considered as an exoskeleton, with the cable 
drives, articulation bearings, and other transmission components attached thereto. 

Light weight, low cost, high stiffness, and high strength are preferred characteristics for 
10 the moveable portions of the haptic interface. For these reasons, injection molded 40% carbon 
fiber filled nylon or similar compositions may be selected for the structural elements such as 
second element 18, second element extension 24, third element 22, third element extension 30, 
fifth element 34, and sixth element 40. Other glass and carbon fiber filled, injection molded 
Ifl plastics may be used as well. Desirable characteristics for the base portion, or housing 12, of the 
^15 haptic interface also include low cost, high strength, and high stiffness; however, because the 
base structure may also serve as a heat sink for the internal electronics, it is desirable that the 
s base structure be significantly thermally conductive. Finally, to avoid the requirement of rigidly 
Cl attaching the haptic interface to a desktop or otherwise grounded surface, the haptic interface 

should have enough weight to prevent movement during the application of forces to a user. For 
0 these reasons, a plaster cast or die cast zinc material may be used in the construction of the 

r.i 

housing 12. Other suitable materials include cast iron, bronze, and aluminum. 

In order to track the location of the powered axes, each of the actuators is fitted with an 
optical encoder 84 having an encoder disk 86 and an emitter/detector pair 88 as depicted in FIG. 
5. Instead of conventionally tracking actuator rotation by mounting the encoder disk 86 on a 
25 shaft extension extending fi-om the actuator 90 remote from the capstan 456, the encoder disk 86 
is mounted on the actuator shaft 64 using a collar 92 disposed proximate the capstan 456. 
Accordingly, the overall volume required for the actuator 90 in the haptic interface 10 can be 
minimized for a given size actuator 90. The emitter/detector pair 88 straddles an edge of the disk 
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86, outputting pulses as the shaft 64 and disk 86 rotate so that the angular orientation of the 
powered articulation can be determined. 

The haptic interface 10 may include automatic work volume calibration components for 
use in combination with computer software such that the haptic system, as a whole, has the 
5 capability to initialize position of the haptic interface 10 when the system is energized and 

geometrically center the user reference point in both the workspace volume and virtual or remote 
environment. 

As mentioned hereinabove, each of the actuators for axes A-C includes an encoder 84 for 
tracking the angular orientation of the first element 14, second element 18, and third element 22. 
10 Since the relative encoders, however, provide indications of relative angular rotation, an absolute 
reference is needed to define a "home" position for each element. As best seen in FIG. 4B, the 
second element 18 includes three axially disposed flags 94a-c forming gaps 95a-c having 
0 different circumferential lengths. As the second element 18 is rotated about axis B, either 
yi manually by a user or under system control by the second axis actuator 76, the flags 94a-c and 
35 gaps 95a-c sequentially pass through an emitter/detector pair 96. Based on the number of 
^ encoder pulses counted during passage of any given flag 94 or gap 95 through the 

¥ emitter/detector pair 96, the specific flag 94 or gap 95 and angular orientation of the second 

f J 

element relative to the home position can be determined. 

|f| In one embodiment, the first element 14 and second element 18 each have three flags and 

the third element 22 solely one, due to space constraints. Although one flag or gap is sufficient, 
a plurality of flags and gaps with different lengths located at several circumferential locations 
permits determining the absolute angular orientation of the element more readily, with lesser 
manual or automatic angular rotation of the element being required. The angular location of each 
of the fourth element 28, fifth element 34, and sixth user connection element or stylus 40 about 

25 respective axes D-F may be tracked using respective potentiometers. 

When the haptic interface system is energized, a user can be directed to manually move 
the stylus 40 and connected elements through respective ranges of motion within the work 
volume of the haptic interface 1 0 to geometrically calibrate the workspace. Altematively, under 
control of system software, the three actuators may be used to automatically drive the powered 
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axes through their range of motion to achieve a similar result. In addition, the system may adjust 
itself through monitoring during normal use to compensate, for example, for system wear or 
cable stretch. Instead of using an optical emitter/detector pair 96, other devices such as a 
microswitch or proximity switch could be used. Altematively, potentiometers or absolute 
encoders may be employed as a substitute for, or in addition to, the relative encoders for 
measuring the absolute position of the rotary axes of the device. 

The user connection element or stylus 40 of the haptic interface 10 may include a detector 
100 for detecting the presence of a user, according to one embodiment of the invention. FIG. 6 
depicts a cross-sectional view of one embodiment of the stylus 40 which includes the presence 
detector 100. The presence detector 100 determines whether a portion of a user's body is 
physically contacting the stylus 40. The stylus may also include a mechanical push-button 
switch 98 actuated by squeezing the stylus 40 proximate thereto for other control purposes. 

The presence detector 100 includes an electrically conductive portion 102, circuitry 104, 
and a connector 106 which electrically couples the conductive portion 102 to the circuitry 104. 
The conductive portion 102 shown in FIG. 6 extends along an axial and circumferential portion 
of an extemal surface 108 of the stylus 40 which is typically contacted by a user when grasping 
the stylus 40. In other embodiments, the conductive portion 102 may extend along shorter or 
longer portions of the surface 108 in both axial and circumferential directions. In yet another 
embodiment, the conductive portion 102 may envelop substantially the entire extemal 
surface 108 of the stylus 40. The conductive portion 102 may be composed of any material 
which conducts electricity. In one embodiment, the conductive portion 102 is composed of 
conductive rubber. 

The circuitry 104 is electrically coupled to the conductive portion 102 by the 
connector 106. The connector 106 shown in FIG. 6 is a spring contact which presses against an 
interior surface of the conductive portion 102. The circuitry 104 is arranged on a printed circuit 
card which is in electrical communication with a main circuit board of the haptic interface 10 
disposed, for example, in the housing 12. The circuitry 104 detects the capacitance of the user's 
body relative to electrical ground. 

Referring to FIG. 7, the circuitry 104 includes an oscillator 1 10, a signal divider 1 12, a 
variable delay 1 14, a phase detector 1 16, a connector 118, the push-button switch 98, and light 
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emitting diodes 122. The oscillator 1 10 generates a signal which is input to the signal 
divider 1 12. A capacitor 124 and a resistor 126 of the signal divider 1 12 generate two pulses. A 
first pulse 128 is received by a clock input terminal 120 of a flip-flop 130 of the phase 
detector 116 and a second pulse 131 is received by the variable delay 1 14. The variable 
delay 1 14 has an input terminal 132 which is electrically coupled to the conductive portion 108 
by the connector 106. The variable delay 1 14 delays the second pulse 131 fi:om reaching the 
phase detector 116. If the user is contacting the conductive portion 108, the capacitance of the 
user changes the capacitance of the variable delay 1 14 and delays the second pulse 131. A 
Schmitt trigger 134 operates to square up the second pulse 131 into a square wave pulse 136 
which is received by a D input terminal 135 of the flip-flop 130. The amount that the pulse 131 
is delayed depends on the capacitance of the user. 

In the embodiment shown in FIG. 7, the input to the D terminal 135 of the flip-flop 130 
will be high or asserted if the user is not contacting the conductive portion 108. If the user is 
contacting the conductive portion 108, the pulse 136 is shifted to the right and the input to the D 
terminal 135 of the flip-flop 130 will be low or unasserted. The flip-flop 135 outputs a signal at 
a Q terminal 136 thereof which indicates the presence or absence of a user. This signal is read by 
the system computer which may enable or disable the haptic interface 1 0 or take other actions 
based on this signal. In one embodiment, the haptic interface 10 upon detecting the absence of 
the user will actively maintain its last orientation so that the user may later conveniently re-grasp 
the device at the same location. 

In one embodiment, the variable delay 1 14 includes a surge protector 140. The surge 
protector 140 protects the circuitry of the variable delay 1 14 from surges of electricity, such as 
sparks of static electricity which may come into contact with the conductive portion 108. 

Velocity limits may be provided for each of the powered axes to safely limit the speed of 
axes A-C in the event of a system programming error or system malfimction. In one 
embodiment, the velocity limits may be implemented using computer hardware, for example, by 
providing for maximum actuator rotational speed limits for each of the axes in an integrated 
circuit or otherwise. These maximum actuator speeds are typically different, due to the different 
geometric and mechanical configuration of each powered axis. In the event the limit is exceeded 
for one or more axes, the system may dynamically brake the actuators electrically to slow the 
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errant axis or otherwise disable the axis. In the embodiment where the actuators are DC motors, 
the actuators can be effectively braked by shunting the inputs to the motors. Velocity limits may 
be implemented in system software, either redundantly in addition to the hardware limits, or 
alternatively. If used in a redundant system, these software limits may be implemented 
5 advantageously at levels slightly below those of the hardware limits so that they are triggered 
first. 

A wrist rest or other structure may be provided to support a user's wrist and/or arm at a 
predetermined or adjustable height and orientation to address ergonomic concerns with 
prolonged or extended use of the haptic interface. As used herein, the term wrist should be 

10 considered to refer to any area of a user's arm, from the palm to the elbow, inclusive. FIG. 8 A is 
a schematic side view of an ergonomic representation of a user employing the haptic interface 1 0 
in combination with a wrist rest 142 and other system components in a desktop environment. 

^ii j FIG. 8B is a schematic top view of the ergonomic representation depicted in FIG. 8 A. By 
elevating a user's wrist so as to position the user's hand generally within the center or upper 

15 portion of the work volume of the haptic interface 10, the forearm and wrist may be maintained 

I in a natural, neutral orientation for comfortably grasping and manipulating the stylus 40. 



^ Naturally, if the user connection element were a thimble or other structure designed to be donned 
O or grasped by the user in a different orientation, the height and orientation of the wrist rest 142 
could be made adjustable. As depicted herein, the wrist rest 142 is connected to the haptic 



2,0 interface 1 0, although a separate stand alone wrist rest with appropriate height and orientation 
could be used. The haptic interface is disposed advantageously proximate a system keyboard 
within easy reach of a user, typically inboard of a mouse pad area. 

FIGS. 9A-9D are schematic top, side, end section, and partial section views of a contact 
pad 144 for use in the wrist rest 142 for use in combination with the haptic interface in 
25 accordance with an embodiment of the present invention. The contact pad 144 may include a 
structural tray 145 for supporting a gel and/or foam material optionally encased, wholly or 
partially, in a natural or synthetic fabric, skin, or other covering 147. In one embodiment, a soft 
silicone gel may be used. The surface of the contact pad adapted to support the user's wrist may 
be substantially planar, concave, or convex in any direction. The dimensions shown in FIGS. 
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8A-8B and 9A-9D are merely exemplary in nature. Actual dimensions may be varied, as 
necessary to accommodate a particular haptic interface configurations, orientation, and work 
volume. 

While there have been described herein what are to be considered exemplary and 
preferred embodiments of the present invention, other modifications of the invention will 
become apparent to those skilled in the art from the teachings herein. The particular methods of 
manufacture and geometries disclosed herein are exemplary in nature and are not to be 
considered limiting. It is therefore desired to be secured in the appended claims all such 
modifications as fall within the spirit and scope of the invention. Accordingly, what is desired to 
be secured by Letters Patent is the invention as defined and differentiated in the following 
claims. 

What is claimed is: 




